The sequence of the 3'-terminal 1768 nucleotides of the PS and 66 isolates of plum pox virus (PPV) has been determined and compared with that of the equivalent regions of other PPV isolates sequenced previously. The sequenced region is part of the PPV open reading frame encoding the last 186 amino acids of the NIb protein and the coat protein (CP, 330 amino acids), followed by a non-coding region of 220 nucleotides and a poly(A) tail. PPV-PS and PPV-66, just like PPV-E1 Amar, show rather high levels of nucleotide diversity in the sequence encoding the C-terminal region of the NIb protein (19.4 to 31%) and the N terminus of CP (22.8 to 41.1%) when compared with PPV-Rankovic, PPV-D and PPV-NAT, whereas the level of diversity in the rest of the CP sequence and the 3' non-coding region is low (8 to 10.8 % and 5.5 to 7"7 %, respectively). However, the first 429 sequenced nucleotides of PPV-66 are very similar to those of the PPV-Rankovic, PPV-D and PPV-NAT isolates, whereas the rest of the sequence clearly resembles PPV-PS. Thus, PPV-66 seems to be the result of a natural recombination event between two wild strains of PPV. To our knowledge this is the first evidence of homologous RNA recombination (a process which could play an important role in the evolution of RNA viruses) within the potyvirus group.
Introduction
Genetic recombination in RNA viruses is supposed to play an important role as an RNA repair mechanism and as a generator of diversity. This exchange of genetic information between RNA viruses or RNA viruses and their hosts is probably one of the most important evolutionary strategies (Lai, 1992) . RNA recombination can be homologous when the two parental genomes are related and the crossover preserves any reading frame, or non-homologous where neither of these restrictions applies (King, 1988) . RNA recombination was observed in poliovirus 3 decades ago (Hirst, 1962) , and since then has been demonstrated in other animal viruses [aphthovirus (King et al., 1982) , coronavirus (Lai et al., 1985) , alphavirus (Monroe & Schlesinger, 1983) ] and diverse plant viruses. Such natural rearrangements have been demonstrated in tobamovirus (Shirako & Brakke, 1984) , bromovirus (Bujarski & Kaesberg, 1986) , tobravirus (Robinson et al., 1987) , tombusvirus (Hillman et al., 1987) , carmovirus (Li et al., 1989) , alfalfa mosaic virus (Van der Kuyl et al., 1991) , furovirus (Bouzoubaa et al., 1991) , nepovirus (Rott et al., 1991) and hordeivirus (Edwards et al., 1992) , some of them including the generation of defective interfering (DI) RNAs and recombination with and between satellite RNAs.
Plum pox virus (PPV) is a member of the potyvirus group and causes a severe disease of trees of the Prunus genus; its genome is formed by a ssRNA molecule of positive polarity, approximately 10 kb in length with a 3' poly(A) tail. It contains a unique open reading frame (ORF), the product of which is cleaved into smaller polypeptides by virus-encoded proteases (Garcfa et al., 1989; Riechmann et al., 1992) . For some time PPV had been considered as a virus that showed very limited sequence variation since the first three isolates sequenced displayed very high levels of similarity [PPV-Rankovic (Lain et al., 1989a) , PPV-D (Teycheney et al., 1989) and PPV-NAT (Maiss et al., 1989) ]. Recently, a partial sequence of PPV-E1 Amar has been reported (Wetzel et al., 1991) , and it was considered an atypical isolate on the basis of its divergence with regard to the other PPV isolates.
In this paper we describe the T-terminal sequence of two PPV isolates, PS and 66, which differ in their original natural host range (M. Rankovic, personal communication) and which produce symptoms in Nicotiana clevelandii that are clearly different to those caused by each other and by the PPV-Rankovic isolate. Like the sequence of PPV-E1 Amar, those of PPV-PS and PPV-66 showed considerable divergence from previously sequenced isolates, indicating the E1 Amar was not an especially atypical isolate. Surprisingly, sequence analysis strongly suggests that PPV-66 originated from a re-0001-1293 © 1993 SGM combination event involving viruses of the PS and Rankovic types.
Methods
Virus purification and RNA isolation. PPV-PS and PPV-66 isolates (obtained from Dr M. Rankovic) were propagated in N. elevelandii. Viral RNA was isolated from purified virus preparations as described previously (Lain et al., 1988) .
eDNA cloning. Synthesis of PPV-PS and PPV-66 eDNA was performed according to Lain et al. (1988) , using oligo(dT)a 2 as as primer for first strand synthesis. The second DNA strand was synthesized according to Lapeyre & Amalric (1985) (Sambrook et al., 1989 ) using restriction fragments generated by digestion of a full-length cDNA clone of the PPV-Rankovic isolate (Riechmann et al., 1990) as probes and were mapped by sequencing their ends.
Nucleotide sequence of PP V-PS and PP V-66. Sequence determination was performed by the dideoxynucleotide chain-termination method employing a modified bacteriophage T7 DNA polymerase (Pharmacia). As templates, dsDNA from the recombinant plasmids or ssDNA from recombinant M13 phages containing subcloned cDNA restriction fragments were used. Priming was carried out with either universal or reverse primers (New England Biolabs), or synthetic oligodeoxynucleotides. All nucleotides were sequenced at least once on each strand employing different clones.
Comparison of nucleotide and amino acid sequences. Nucleotide and amino acid sequence alignments and restriction mapping were carried out by computer analysis using the programs SEQUED, MAP, TRANSLATE, BESTFIT, GAP, LINEUP, PRETTY and MAPSORT from the University of Wisconsin Genetics Computer Group (Devereux et al., 1984) . Percentage diversity between two sequences was calculated by dividing the number of substitutions by the total number of residues (gaps were considered as a unique substitution independently of their length) of the sequences compared, and multiplying by 100.
Results

cDNA cloning and sequencing
cDNA clones with overlapping inserts which covered the 1768 3'-terminal nucleotides (nt) from the PPV-66 genome and all but the Y-terminal 500 nt from that of PPV-PS were identified by colony hybridization screening and mapped by direct sequencing of the viral inserts. The sequence of 1768 nt adjacent to the 3' poly(A) tail of PPV-PS and PPV-66 was determined (Fig. 1) . The sequenced region (represented diagrammatically in Fig.  2 ) included 1548 nt of the single PPV ORF terminated by a UAG codon located 220 nt upstream from the poly(A) tail. Nucleotide sequence heterogeneity among different cDNA clones was found only in nucleotides 506 and 507 of PPV-66. These nucleotides were AT in two cDNA clones (as presented in Fig. 1 b) , whereas CA was found in only one cDNA clone. The predicted amino acid sequences are presented in Fig. 1 , and include 186 Cterminal amino acids of the NIb protein (the putative RNA polymerase) and the coat protein (CP) of 330 amino acids. The junction between these two proteins was identified by sequence comparison with the PPVRankovic isolate, and although two of the seven amino acids whose sequence forms the cleavage site for the NIa protease (Riechmann et al., 1992) are changed, the three essential amino acids appear unaltered (Fig. 1) .
Comparison of the 3"-terminal 1768 nt of six PPV isolates
Because of the close similarity between PPV-Rankovic (Lain et al., 1989a) , PPV-D (Teycheney et al., 1989) and PPV-NAT (Maiss et al., 1989) , with an average > 98 % sequence identity for nucleotide and amino acid sequences, a consensus sequence (PPV-consensus) of these three isolates has been employed for the comparisons.
Comparison of the T-terminal 1768 nt of PPV-PS with those of PPV-E1 Amar and PPV-consensus (Table 1) revealed a high level of diversity in the sequenced region of the NIb cistron (mainly at the 3' end) and especially in the first 276 nt of the CP cistron, which has been reported to encode a surface domain specific for each potyvirus and to constitute one of the principal determinants of diversity in the potyviral genome (Shukla et al., 1989 . The capacity to accommodate a large number of substitutions could indicate that the C-terminal amino acids of the potyviral NIb protein are not involved in its presumed catalytic activity (for which severe structural constraints would be expected) but have other functions, such as the association with other proteins and/or structures to form replication complexes or the maintenance of the structure of the cleavage site at its C terminus. PPV-PS showed a similar level of divergence from PPV-consensus and from PPV-E1 Amar in this region, suggesting that it constitutes a different PPV strain. The rest of the CP cistron showed a higher degree of similarity (between 8 and 10"8% diversity, Table 1 ), consistent with that expected for strains of the same virus Shukla et al., 1991; . The length of the 3' non-coding region (3' NCR) of PPV-PS was 220 nt, the same as that of the other PPV isolates, showing a very high degree of similarity with them; this is in accordance with the high sequence conservation in this region among isolates of the same potyvirus, which contrasts with the almost undetectable similarity found between different potyviruses (Frenkel et al., 1989 . However, even in the most conserved regions (3' CP and 3' NCR), the divergence of PPV-PS and PPV-E1 Amar with regard to any other isolate was higher than • "1 PI I HC-Pro I the divergence among the three isolates included in PPVconsensus (between 9.8 and 7-5 % compared to 3-4 and 1%). The nucleotide sequence of PPV-66 presented a peculiar pattern of divergence, different to that described previously when this region of the potyvirus genome has been analysed. The first 425 nt of the sequenced region, belonging to the NIb cistron, were very similar to those oI the PPV-consensus sequence, in contrast with the high degree of identity that PPV-66 shares with PPV-PS along the rest of the sequence (Table 1, Fig. 3 ). This evidence strongly suggested that the 3'-terminal region of PPV-66 derived from a recombination event between a virus similar to PPV-PS and another of the PPV-consensus type.
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The comparison of the deduced amino acid sequences gave qualitative results similar to those derived from the nucleotide sequences. However, the proportion ofnucleotide changes reflected in amino acid substitutions was clearly higher in the less conserved regions (C terminus of the NIb cistron and N terminus of the CP cistron) ( Table  1) . On the other hand, in both the PPV-PS and PPV-66 isolates the amino acid triplet DAG in the N-terminal region of CP, which seems to be essential for aphid transmissibility (Atreya et al., 1991) and which is absent from PPV-NAT, is conserved.
Discussion
For several years PPV has been considered to be a virus with very limited sequence variation because the first three independently sequenced isolates had very high levels of similarity. However, the partial sequence of a fourth isolate, PPV-E1 Amar, was reported recently and it showed a substantially higher level of divergence (Wetzel et al., 1991) . The sequence analysis presented in this paper of two novel isolates, PPV-PS and PPV-66, which have marked differences in several biological characteristics such as host range and symptomatology, shows that both are quite different from the until now 'typical PPV' and from PPV-EI Amar. Sequence analyses of potyviruses have allowed a clear differentiation between distinct viruses and strains on the basis of amino acid sequence homology of the C-terminal region of CP and nucleotide sequence conservation of the 3' NCR Frenkel et al., 1989) . All the PPV isolates considered in this paper fell into the definition of a single virus but, even in the more conserved regions, clear differences in the degree of similarity allow us to establish three distinct PPV strains, one represented by PPV-PS, one by PPV-E1 Amar and the third by PPV-Rankovic, PPV-D and PPV-NAT. The special peculiarities of PPV-66 discussed below precluded its inclusion in any of the three groups. Distinguishable levels of similarity, yet within the range accepted for virus species definition, have been reported in other cases , but much more data are required to elucidate whether isolates of a potyvirus can be grouped in strains or form a continuum without additional hierarchy.
The comparison of the nucleotide sequence of PPV-66 with those of other PPV isolates strongly suggests that it derived from homologous recombination between a virus of the PPV-consensus type and another of the PS type. The exact crossover point of the recombination event described in this paper cannot be identified but should be located near position 429 of the sequenced region (nt 8447 of the PPV-Rankovic sequence) (Fig. 3) . No special sequence or secondary structure features were detected in that region. Although non-homologous RNA recombination is likely to be a widespread phenomenon involved in the overall evolution of RNA viruses (including potyviruses; see for example Lain et al., 1989b; Kashiwazaki et al., 1990 Kashiwazaki et al., , 1991 Koonin et al., 1991) as explained by the modular theory (Zimmern, 1988; Lai, 1992) , no evidence for homologous recombination has been previously found within the potyvirus group. This is somewhat surprising taking into account the high number of partial and complete sequences of potyvirus genomes (the largest plant virus group, with at least 180 members) since homologous recombination has been readily recognized in several other plant virus groups. Homologous recombination is difficult to recognize because it should occur in highly conserved regions and should not produce disturbances in genome organization. However, several experiments have demonstrated that it takes place at a higher frequency than nonhomologous recombination (King, 1988; Kirkegaard & Baltimore, 1986) .
The sequence analysis of natural isolates of viruses from several groups, including potyviruses, frequently suggests that homologous recombination plays a relevant role during viral infection. It is important to emphasize that this process can have opposing evolutionary effects (Lai, 1992) . Under the control of selective pressure, it could be used as a repair mechanism that allows the maintenance of well adapted genomes in spite of the high error rate of RNA replicase. In contrast, it can lead to the appearance of new viral genomes, constructed from segments of other genomes, that will continue evolving independently. However, such an event, from which the generation of PPV 66 is an example, probably occurs with low frequency, because it needs not only to join compatible genomic fragments, but also to result in a virus able to compete efficiently with the presumably well adapted parental strains.
